The study aimed at evaluating the prevalence of interventricular and intraventricular contractile dyssynchrony in heart failure patients with either normal or prolonged QRS duration. Methods and results Echocardiography and tissue Doppler imaging (TDI) were performed in 158 consecutive patients with advanced left ventricular dysfunction (LVEF <35%); 61 patients had a normal QRS duration (Group 1), 21 patients had left bundle branch block with a QRS duration between 120 and 150 ms (Group 2) and 76 patients had a QRS duration P150 ms (Group 3). Interventricular dyssynchrony (defined by the presence of an interventricular mechanical delay greater than 40 ms) was found in 12.5%, 52.4% and 72% of patients in Group 1, 2 and 3, respectively (p < 0:001). Intraventricular dyssynchrony (defined by the presence of one or more differences greater than 50 ms among regional pre-ejection periods) was observed in 29.5%, 57.1% and 71% of patients in Group 1, 2 and 3, respectively (p < 0:001). No relationship was found between interventricular and intraventricular dyssynchrony. Conclusions A substantial proportion of heart failure patients with a slightly prolonged QRS or even with normal conduction may exhibit ventricular dyssynchrony. Both standard echocardiography and TDI are necessary to describe the entire spectrum of mechanical abnormalities due to dyssynchrony.
See page 535 for the editorial comment on this article
Aims The study aimed at evaluating the prevalence of interventricular and intraventricular contractile dyssynchrony in heart failure patients with either normal or prolonged QRS duration.
Methods and results Echocardiography and tissue Doppler imaging (TDI) were performed in 158 consecutive patients with advanced left ventricular dysfunction (LVEF <35%); 61 patients had a normal QRS duration (Group 1), 21 patients had left bundle branch block with a QRS duration between 120 and 150 ms (Group 2) and 76 patients had a QRS duration P150 ms (Group 3). Interventricular dyssynchrony (defined by the presence of an interventricular mechanical delay greater than 40 ms) was found in 12.5%, 52.4% and 72% of patients in Group 1, 2 and 3, respectively (p < 0:001). Intraventricular dyssynchrony (defined by the presence of one or more differences greater than 50 ms among regional pre-ejection periods) was observed in 29.5%, 57.1% and 71% of patients in Group 1, 2 and 3, respectively (p < 0:001). No relationship was found between interventricular and intraventricular dyssynchrony. Conclusions A substantial proportion of heart failure patients with a slightly prolonged QRS or even with normal conduction may exhibit ventricular dyssynchrony. Both standard echocardiography and TDI are necessary to describe the entire spectrum of mechanical abnormalities due to dyssynchrony.
Introduction
Cardiac resynchronization therapy can improve cardiac function and clinical status in patients with severe heart failure and left bundle branch block. [1] [2] [3] [4] [5] Since in initial studies patients with a wide QRS seemed to benefit the most from biventricular pacing, most of the patients enrolled in these trials had a QRS duration greater than 150 ms. More recently, it has been pointed out that even patients with slightly prolonged or normal QRS may exhibit dyssynchrony and are therefore potentially treatable by multisite pacing. 6 However, the mechanical abnormalities determined by the conduction disturbances in heart failure patients with either normal or slightly prolonged QRS duration have not been fully characterized. In fact the pathophysiology of abnormal electrical conduction is complex.
7;8 Ventricular dyssynchrony may be observed at different levels: interventricular dyssynchrony refers to the delayed activation of one ventricle with respect to the other, whereas intraventricular dyssynchrony refers to the late activation of the lateral regions of the left ventricular chamber as compared to the interventricular septum. We still do not know whether there is a link between interventricular and intraventricular dyssynchrony, to what extent they are related to QRS morphology, to etiology of the disease or to the degree of left ventricular dysfunction. Focusing these issues is not only a matter of pathophysiological relevance but it is also important to solve the clinical problem of the identification of patients most likely to respond to cardiac resynchronization therapy. We therefore designed a transversal observational study aimed at (1) defining the prevalence of interventricular and intraventricular dyssynchrony in heart failure patients with either normal or slightly prolonged QRS duration with respect to patients with wide QRS; (2) evaluating the relationship between interventricular and intraventricular dyssynchrony; (3) assessing whether or not dyssynchrony is related to QRS morphology or to the degree of left ventricular dysfunction. Standard echocardiography and tissue Doppler imaging (TDI) were used to provide a complete description of the mechanical abnormalities due to dyssynchrony.
Methods

Patients
The patients included in the study were selected among those referred to our department for heart failure diagnosis and management on the basis of the following inclusion criteria: (1) advanced systolic left ventricular dysfunction (left ventricular ejection fraction <35%); (2) etiology due to primary dilated cardiomyopathy (DCM), ischemic heart disease (IHD) or hypertension with normal coronary arteries. We excluded patients with: (1) non-sinus rhythm; (2) previous pacemaker implantation; (3) right bundle branch block and (4) valvular heart disease. Although we recognize that ventricular dyssynchrony may well be observed in the categories of patients excluded from the study, inclusion and exclusion criteria were selected in attempt to enrol a fairly homogeneous series of patients. A total number of 158 patients were included between March 2001 and July 2002: 120 were males and 38 females; mean age was 54.4 AE 12.3 years; etiology was DCM in 68%, IHD in 27% and hypertension in 5%; 71% was in NYHA class II and 29% in class III or IV. All patients underwent a standard 12-lead electrocardiogram and an ultrasound examination which included a specific evaluation of interventricular and intraventricular dyssynchrony. According to QRS duration, the patients were divided into three groups: 61 patients with a QRS duration <120 ms (Group 1), 21 patients with left bundle branch block and a QRS duration between 120 and 150 ms (Group 2) and 76 patients with a QRS duration ¼ 150 ms (Group 3).
Electrocardiography
Standard 12-lead electrocardiograms were acquired at a paper speed of 25 mm/s and a scale of 10 mm/mV. The measurements of PR interval and QRS duration (recorded from the surface leads demonstrating the greatest values) and the assessment of QRS axis and morphology were performed by an experienced observer who was blinded to the echocardiographic characteristics of the patient. The typical ECG feature of left bundle branch block (LBBB) is a QRS duration P120 ms, no q-wave but slurred, broad R waves in leads I, aVl and V6 and rS or QS deflections in lead V1. When a left axis deviation greater than 30°was present, associated with prominent S waves in leads II, III and V6, patients were classified as having "advanced left anterior hemiblock". A prolongation of the QRS which was not associated with the typical features of bundle branch blocks was considered as "aspecific intraventricular conduction delay".
Standard echocardiography
A complete M-mode, 2-D and Doppler evaluation was performed using a commercially available ultrasonographic equipment (System 5, Vingmed, GE). Left ventricular end-diastolic and endsystolic volumes and left ventricular ejection fraction were calculated using the area-length method. Mitral regurgitation was graded according to the jet area method. The right ventricular end-diastolic diameter was determined in the parasternal view. The systolic displacement of the lateral portion of the tricuspid annular plane was measured on the M-mode tracing under the 2D-echo guidance.
Assessment of interventricular dyssynchrony
The aortic pre-ejection time was measured from the beginning of QRS complex to the beginning of the aortic flow velocity curve recorded by pulsed-wave (PW) Doppler in apical 5-chamber view. The pulmonary pre-ejection time was measured from the beginning of QRS complex to the beginning of the pulmonary flow velocity curve recorded in the left parasternal view. The difference between the two values determined the interventricular mechanical delay (IVMD); an IVMD > 40 ms was considered as the cut-off value for interventricular dyssynchrony.
Assessment of intraventricular dyssynchrony
Color tissue Doppler imaging was acquired in 2-D mode from the apical 4-chamber and 2-chamber views to assess myocardial regional function. Off-line analysis of the mean velocity profiles was performed at the level of the basal and medium segments of the interventricular septum and of the lateral, inferior and anterior walls. The regional pre-ejection period was measured for all segments from the beginning of QRS to the beginning of the positive component of the regional systolic velocity (S2) (defined by zero-crossing or, when this was not possible, as the beginning of the upstroke of the velocity curve after the isovolumic contraction phase) (Fig. 1 ). All the possible differences between the regional pre-ejection periods of the four basal segments and between the regional pre-ejection periods of the four medium segments were calculated. Intraventricular dyssynchrony was considered to be present if one or more absolute differences greater than 50 ms between two segments ("50 ms delta") were found either at basal or at medium level; the 50 ms threshold was chosen as it represents 1 standard deviation of the regional pre-ejection periods in the whole population enrolled in the study. In addition, the standard deviation of all regional preejection periods was calculated in each patient as an index of global intraventricular dyssynchrony. A qualitative analysis of the regional systolic pattern was also performed, as previously described by Ansalone et al. 9 Patterns were identified according to the presence or absence of S2 positive or negative components: (pattern 1) (normal) defined by the presence of a single positive S2 wave; (pattern 2) defined by the presence of an early negative systolic component and a late positive systolic component; (pattern 3) defined by the presence of an early positive systolic component and a late negative systolic component; (pattern 4) defined by the presence of a single negative systolic movement. The interobserver and intraobserver variability was computed in 10 consecutive patients and it was found to be within acceptable limits for all tested variables (Lin correlation coefficient >80%).
Statistical analysis
The data are shown as mean values AESD for the continuous variables (or median and inter-quartile ranges (IQR) for skewed distributions) and as absolute or relative frequencies for categorical variables. Due to the small number of patients with hypertension, such patients were considered together with DCM patients for statistical analysis. Patients characteristics were compared by means of one way analysis of variance (overall comparison) and Scheff e test (post hoc pairwise comparisons) in case of continuous variables; the Fisher exact test was used to compare categorical variables. A general linear model was used to evaluate the association between intraventricular dyssynchrony and QRS groups, while controlling for patients baseline characteristics (age, ejection fraction, mitral regurgitation, left ventricular filling time); such characteristics were selected on clinical grounds. As preejection times were measured for each patient in several segments at the basal and medium levels, Huber White robust standard errors were computed to account for intra-patient correlation. No specific correlation structure was assumed in calculating robust standard errors. Differences between QRS groups were assessed while controlling for patients baseline characteristics. The Kruskall Wallis test was used for the overall comparison of the number of "50-ms delta" per patient in groups with different QRS duration. Spearman's coefficient was calculated to evaluate correlations between QRS duration and standard deviation of pre-ejection periods or IVMD. The distribution of patients with intraventricular dyssynchrony in the presence or absence of interventricular dyssynchrony was compared by means of Fisher exact test; the Kappa statistic and its standard error (SE) were calculated to measure the agreement. Bonferroni correction was used for post hoc pairwise comparisons (unless otherwise specified). A 2-sided p value <0.05 was retained for statistical significance. The computations were made using Stata 7 (Stata Corp, College Station, TX).
Results
Characteristics of the patients with or without conduction delay
Patients with LBBB were older than patients with normal QRS duration, had a greater functional impairment, a more advanced left ventricular systolic dysfunction, a higher degree of mitral regurgitation and a shorter left ventricular filling time (see Table 1 ). 
Interventricular dyssynchrony
The pulmonary pre-ejection period was similar in the three groups, whereas the aortic pre-ejection period was longer in Group 3 than in 
Intraventricular dyssynchrony
As shown in Table 2 , the regional pre-ejection periods were significantly different between QRS groups (overall comparison: p < 0:0001 while controlling for patients baseline characteristics; post hoc comparisons: p < 0:001 Group 3 vs. Group 1 and p ¼ 0:015 Group 3 vs. Group 2). In Group 1 patients the most delayed segment was the medium anterior segment in 24.6% of cases. In Group 2 and in Group 3 patients the most delayed segment was the medium lateral segment, in 28.6% and 27.6% of cases, respectively (Table 3) . Intraventricular dyssynchrony (defined as at least one "50-ms delta") was present in 29. in the group with intraventricular dyssynchrony vs. 74.2% NYHA class II and 25.8% NYHA class III or IV patients in the group without intraventricular dyssynchrony).
Regional contraction patterns
A slightly greater percentage of abnormal regional contraction patterns were observed in Group 3 than in Group 1 or 2 patients; however, even in Group 3 patients more than 75% of segments were defined as having a "normal" contraction pattern (Table 4) . Dyskinetic patterns were definitely more frequent in patients with ischemic heart disease than in patients with primary dilated cardiomyopathy or hypertension (p < 0:001) ( Table 5) .
Correlation between inter and intra-ventricular dyssynchrony
Among patients with intraventricular dyssynchrony (defined by "at least one" 50-ms delta), 64% also had interventricular dyssynchrony (defined as IVMD > 40 ms); among patients without intraventricular dys-synchrony, 28% had interventricular dyssynchrony (p < 0:0001). The agreement between the 2 types of dyssynchrony was therefore poor (j ¼ 0:37, SE 0.08).
Discussion
The study demonstrates that in heart failure patients with LBBB, inter and intraventricular dyssynchrony are common, regardless of QRS duration. Furthermore, there is a substantial proportion of heart failure patients with normal QRS duration who may also exhibit dyssynchrony. To Overall comparison of intraventricular conduction in the three QRS groups: p < 0:0001 (while controlling for baseline characteristics in a multivariate analysis). For post hoc pairwise comparisons see text. provide a complete description of the mechanical abnormalities due to dyssynchrony both standard echocardiography and TDI should be used, since no relationship seems to link inter and intraventricular dyssynchrony.
Pathophysiology of abnormal electrical conduction
Different types of infranodal conduction abnormality may determine the classical left bundle branch block pattern on the surface electrocardiogram: from focal proximal lesions (even longitudinal dissociation with asynchronous conduction) in the bundle of His to inhomogeneous spread of excitation wavefronts across the scarred tissue of the dilated ventricle. [10] [11] [12] [13] [14] [15] The activation of left ventricular endocardium might be different in such conditions but the left ventricular conduction system is not easily accessible by electrophysiological study and endocardial catheter mapping has rarely been performed. 16 Scarce information has also been obtained on the mechanical correlates of these electrical abnormalities, although the paradoxical motion of the interventricular septum in left bundle branch block has first been described in 1973. [17] [18] [19] The reason is that only recent technology, such as tagged magnetic resonance imaging or tissue Doppler imaging, has allowed a precise evaluation of the sequence and timing of regional left ventricular contraction in heart failure patients. [20] [21] [22] [23] [24] [25] The present study is the first one in which standard echocardiography and tissue Doppler imaging have both been used to obtain a complete picture of the mechanical abnormalities in a large series of consecutive patients with left ventricular dysfunction, with or without left bundle branch block. Patients with slightly prolonged or normal QRS were focused since even such patients may exhibit dyssynchrony and might therefore be considered as candidates to multisite pacing.
Interventricular dyssynchrony
The interventricular delay was significantly related to QRS duration, although a wide scattering of the data around the identity line was observed. The data are consistent with those obtained in a smaller series of DCM patients, although the correlation coefficient was substantially higher in the previous report than in our population. 26 We hypothesized that a prolonged right ventricular pre-ejection period (as in the case of right ventricular dysfunction or of pulmonary hypertension) could reduce the difference between aortic and pulmonary pre-ejection periods and therefore impair the correlation between interventricular dyssynchrony and QRS duration. However, the correlation only slightly improved by excluding the patients with right ventricular dysfunction and/or pulmonary hypertension. Clearly, the site of the left bundle branch block (e.g., in the proximal or distal part of the conduction system) might be an important determinant of the degree of interventricular dyssynchrony. Interventricular dyssynchrony was not related to etiology. As expected, a greater prevalence of interventricular dyssynchrony (IVMD > 40 ms) was observed in patients with LBBB than in patients with normal QRS duration; importantly, it turned out that this prevalence did not differ between the group with a QRS duration greater than 150 ms and the group with a QRS duration between 120 and 150 ms. In addition, a small percentage of patients with normal QRS duration also showed interventricular dyssynchrony.
Intraventricular dyssynchrony
Ansalone et al. used tissue Doppler imaging to study 31 heart failure patients implanted with a biventricular pacemaker and found that in about one third of cases the lateral wall was the most delayed segment before implantation. 24 Similar results were observed in the present series even though a different TDI approach was used to define dyssynchrony: the lateral wall showed the most delayed movement only in about one third of patients with QRS duration above 120 ms. These data indicate that in heart failure patients with LBBB the sequence of left ventricular activation and wall motion may differ from patient to patient and in about two third of cases the most delayed segment is not the lateral wall. The prevalence of intraventricular dyssynchrony was similar in the group with a QRS duration greater than 150 ms and the group with a QRS duration between 120 and 150 ms. Interestingly, there was a substantial proportion of patients with normal QRS duration who also showed dyssynchrony, although no clinical characteristic or echocardiographic parameter differentiated such patients from those with normal QRS duration and no dyssynchrony.
Regional contraction patterns
Dyskinetic patterns were significantly more frequent in patients with ischemic heart disease than in patients with dilated cardiomyopathy. Therefore, care must be taken when considering an abnormal regional contraction pattern as an index of dyssynchrony in heart failure patients. In addition, it is true that a higher percentage of abnormal regional patterns was observed in patients with QRS duration P150 ms than in patients with normal conduction; however, even in patients with QRS duration P150 ms, the great majority of segments could be defined as having a "normal" displacement pattern, which limits the clinical value of the analysis of patterns.
Limitations
The study does not explain how mechanical dyssynchrony is linked to the electrical abnormality; to solve this issue an electrophysiological study mapping the endocardial activation in the left ventricle would be required. Although ethical considerations preclude a large scale correlation study between tissue Doppler imaging and endocardial mapping, this would be extremely important since in electrophysiological studies the latest site of activation in patients with LBBB is located in the lateral-posterior left ventricle whereas TDI studies, including the present one, demonstrate that in a substantial percentage of cases the septum or the anterior wall are the most delayed sites. We defined intraventricular dyssynchrony on the basis of differences in regional pre-ejection periods, although in previous studies dyssynchrony was defined on the basis of differences in the time from QRS to the peak systolic velocity. 27;28 We preferred the former index to the latter which is the sum of the preejection period plus a variable and unpredictable part of the ejection time (from beginning to peak velocity). However, theoretical considerations do not help to identify which index of intraventricular dyssynchrony is the most useful either in the identification of responders to cardiac resynchronization therapy or in the identification of the optimal site for pacing; a prospective trial is necessary to solve this issue. In fact, as recent studies have shown, even simplified indexes of intraventricular dyssynchrony may be of potential clinical usefulness. 29;30 The present study does not include data on strain, a new tissue Doppler modality which can be used to determine whether myocardial velocities detected by tissue Doppler imaging represent true contraction or are merely passive. 31 We acknowledge that this is a limitation for the interpretation of regional systolic displacements, particularly in patients with ischemic heart disease. TDI results should be used with caution as far as the identification of the optimal site for pacing is concerned.
Conclusions
A substantial proportion of heart failure patients with slightly prolonged QRS or even with normal conduction may exhibit ventricular dyssynchrony and may be considered as potential candidates to multisite pacing. The present study emphasizes the necessity of a combined approach with standard echocardiography and tissue Doppler imaging to characterize the spectrum of mechanical abnormalities due to ventricular dyssynchrony, since no relationship links inter and intraventricular dyssynchrony and it is still to be clarified which index of ventricular dyssynchrony is better related to functional improvement in patients treated with biventricular pacing.
